The mechanical characterization of biomolecular motors requires force sensors with sub-piconewton resolution. The coupling of a nanoscale motor to this type of microscale sensors introduces structural deformations in the motor according to the thermally activated degrees of freedom of the sensor. At present, no simple solution is available to reduce these effects. Here, we exploit the advantages of micro-fabricated cantilevers to produce a force sensor with essentially one degree of freedom and a spring constant of 0.03 pN nm −1 for the study of the molecular motor protein kinesin-1. During processive runs, the cantilever constrains the movement of the cargo binding domain of kinesin in a straight line, parallel to the microtubule track, and excludes specific reaction coordinates such as cargo rotation. In these conditions, we measured a step size of 8.0 ± 0.4 nm and a maximal unloaded velocity of 820 ± 80 nm s −1 at saturated adenosine triphosphate (ATP) concentration. We concluded that the motor does not need to rotate its tail as it moves through consecutive stepping cycles.
Introduction
Micro-fabricated cantilevers have been extremely successful force sensors in AFM [1, 2] and, more generally, in the microsensor field [3] . One area where these devices have so far failed to deploy their potential is the characterization of biomolecular motors such as kinesin, myosin, dynein and polymerases. The mechanical characterization of biomolecular motors at the single-molecule level requires sub-piconewton force detection and actuation [4] . This is normally achieved by connecting the motor molecules to a microscopic object (bead or mechanical sensor) confined by an elastic potential.
Until now, optical tweezers have been the most common tool for such in vitro investigations [5] [6] [7] [8] [9] . A micron-size bead is trapped by a focused laser beam and experiences a restoring force as it is moved away from the focus [10] . Although different experimental configurations have been developed to suit the variety of molecular motors, a single-bead arrangement is commonly used when studying processive molecular motors like kinesin [11] . The motor proteins are adsorbed onto the bead and the microtubule (MT) tracks are aligned and immobilized onto a glass coverslip. Any mechanical investigation of a nanoscale process will interfere with the observed system and, as the motor interacts with its specific substrate (actin filament or MT), the added microscopic object (e.g. the bead) will introduce fluctuations according to its size and the confining elastic potential. From the fluctuationdissipation theorem, smaller objects will communicate smaller fluctuations to the molecule but over a larger frequency spectrum [12] . It is a common opinion that single-molecule assays using a mechanical micro-needle [13] [14] [15] have a lower compliance than bead assays [16] . More specifically, a fluctuating bead in solution will experience three translational and three rotational degrees of freedom, while a mechanical sensor can be designed to have one predominant degree of freedom when thermally activated. This means a nanosystem connected to this type of microsensor will undergo distortions restricted to one direction.
The reduction of degrees of freedom of a molecular system can also be considered as a way to apply geometrical constraints to the potential energy landscape of the system. This is a very powerful method to determine which internal molecular coordinate is critical for molecular functionality and which can be disregarded [17] .
At present, intrinsic technical difficulties of micro-needle assays have relegated this method to a minority of experiments. Current micro-fabrication techniques are capable of producing force sensors with essentially one degree of freedom and with sufficiently low stiffness [18, 19] to be used in molecular motor studies, but they are not suitable for present probe microscope design. Here, we bring to full potential a recently developed probe microscope design [20] , encompassing all the advantages of the mechanical approach to the study of molecular motors and preserving the simplicity of the experimental assay: the lateral molecular-force microscope (LMFM).
This innovative probe microscopy set-up has already demonstrated the ability to use extremely compliant cantilevers (spring constant less than 1 pN nm −1 ) in a liquid environment [19, 20] . To avoid stiction to the surface, the cantilever is mounted vertically above the sample surface and kept at a constant distance as described below. Vertically oriented cantilevers with a similar spring constant have been successfully used in vacuum for single spin magnetic resonance measurements [18] . A unique advantage of this geometry, when applied to molecular motors, is its exclusive sensitivity to forces in the direction of motion of the motor, establishing the high degree of positional control described above.
In this work we present the necessary development required to resolve the stepping action of single kinesin molecules, while maintaining high positional control on its cargo domain.
Materials and methods

Experimental set-up
At the core of the LMFM is a new position detection system that relies on an evanescent field generated above the sample plane. As the free end of the cantilever (the tip) enters the evanescent field it interacts with the field and becomes visible to a four-sector photodetector. To increase the detection sensitivity, the light scattered by the tip is combined with a reference beam and an interference pattern, which contains tip position information, is generated at the photodetector plane.
A simplified diagram of the experimental set-up adapted for a kinesin in vitro motility assay is shown in figure 1 . A coverslip with immobilized and aligned microtubules in buffer solution was mounted on the sample piezo-stage (P-734XY with capacitive sensors and 0.2 nm resolution, Physik Instrumente, Germany). The tip of the cantilever, sparsely coated with kinesin molecules, was positioned above an MT under optical control. The microtubules were aligned in the direction of the cantilever's lowest spring constant (x direction in the inset in figure 1 ). The evanescent field was generated using a 532 nm laser beam passing off-axis through a 1.49 numerical aperture (NA) objective lens in a way that it is totally internally reflected by the glass coverslip. The evanescent field was used to detect the tip position and simultaneously visualize the fluorescently labelled microtubules. When a kinesin motor Figure 1 . Experimental set-up. Diagram of the LMFM detection system and of the cantilever tethered to an MT via a kinesin molecule (not to scale). An evanescent field is generated above the glass coverslip by focusing a laser beam (1) off-axis at the back focal plane of a high NA objective lens (2) . The light scattered (3) by the cantilever tip and the exit beam (4) are collected by the tube lens (5) and projected by a further 100× objective lens (6) onto a four-sector photodetector (7) where an interference pattern is generated. The diagram also highlights the constraints in the experimental measurement, as described in the text. The kinesin head domains are required to bind following a straight line on the MT (x direction) and the cargo position is also constrained to a parallel line, as the cantilever will not allow significant rotations along the longitudinal axis or translations in the y and z directions. The black arrows emphasize the allowed direction of movement of the different parts of the system. molecule is bound to the tip of the cantilever, processed under ATP hydrolysis along the MT, it bends the cantilever, which led to a change of the DC component of the detected signal. The experimental arrangement constrains the cargo position and forces the molecular motor to generate work in a precise direction (see figure 1 ).
Kinesin assay
In the kinesin motility assay, microtubules were immobilized onto a glass coverslip in a flow chamber. Biotinylated and rhodamine-labelled microtubules were prepared from mixtures of pig brain tubulin [21] and modified tubulin protein [22] by polymerization for 30 min at 37
• C in the presence of 4 mM GTP and 10% glycerol in buffer BRB80 (80 mM PIPES, 2 mM MgCl 2 , 1 mM EGTA, pH 6.8). After polymerization, microtubules were stabilized by 10 μM taxol and immobilized on a neutravidin (0.1 mg ml −1 )-coated glass coverslip in a flow chamber as previously described for actin filaments [23] . Position and orientation of the microtubules were determined by total internal reflection fluorescence (TIRF) microscopy and only those microtubules tightly attached to the glass surface, straight and correctly aligned were selected for the experiment (see inset in figure 1). The cantilevers were first cleaned using 5 M potassium hydroxide (KOH) solution, then carefully rinsed with double-distilled water and finally sparsely coated with conventional kinesin molecules by incubation for 10-20 min with 5 nM tissue purified porcine kinesin [24] in buffer BRB80 with an additional 50 mM KCl. The motility buffer (MB) was based on buffer BRB80 containing an additional 50 mM KCl, 10 μM taxol, 10 mM DTT, various concentrations of ATP and an enzymatic oxygen scavenging system composed of 10 mg ml −1 D-glucose, 10 U ml −1 glucose oxidase and 800 U ml −1 catalase. The high vertical stiffness of the sensors makes it possible to avoid accidental contacts with the surface and therefore casein passivation of the surface is not required. The KOH cycle (KOH does not etch Si 3 N 4 ) allows the same cantilever to be re-used several times, considerably simplifying the experimental method, as the positioning of the sensor and the determination of its spring constant only needs to be performed once. We also found that the microtubules could scatter the evanescent wave sufficiently to be detected without fluorescent labelling. It was only required that the laser polarization direction was aligned with the MT (x direction in our set-up).
Micro-cantilever design and fabrication
The first stage in the design of the micro-cantilevers was the definition of the required spring constant and resonant frequency. Once these parameters were fixed, the dimensions of the micro-cantilevers were determined by the material used and by the hydrodynamics of the cantilever immersed in an aqueous solution. The theory describing this situation has been developed by Sader [25] and it is here tested and used in the case of extremely compliant cantilevers. The stiffness of a rectangular cantilever with rectangular cross section is given by
where E is Young's modulus of the material, and L, b and h are the length, width and thickness, respectively, of the cantilever. The first angular resonant frequency of the cantilever in vacuum is
where ρ is the density of the material. In liquid, small cantilevers, like the ones described here, become over-damped and the viscous drag γ dominates the inertial force. In this case, the resonant frequency becomes much smaller and the power spectral density (PSD) of a thermally activated cantilever can be approximated by the following equation [26] :
where
is the 'corner' frequency, which is related to the dynamic response (time resolution) of the cantilever. When the cantilever becomes tethered to an MT via a kinesin molecule, the system becomes stiffer and the corner frequency increases accordingly, improving the time resolution. More details on the time resolution of mechanical sensors can be found in [19] . To predict the viscous drag from the actual dimensions of the cantilever, its hydrodynamic function has to be calculated as described by Sader [25] . For the measurements reported here, a spring constant of ≈0.03 pN nm −1 and a corner frequency in water of 40 Hz were considered adequate. These values resulted in a rectangular silicon nitride cantilever with a length of 130 μm, a width of 900 nm and a thickness of 100 nm (figure 2), assuming, for Si 3 N 4 , a Young's modulus of 240 GPa and a density of 3185 kg m −3 . The dynamic properties of these cantilevers were characterized in a previous work [19] . The same model suggests that a Si 3 N 4 cantilever 22 μm long, 500 nm wide and 30 nm thick would have a higher corner frequency f c in water of around 1 kHz.
To manufacture the micro-cantilevers, we used wellestablished photolithographic and etching processes on a 2 inch wafer, resulting in 100 silicon nitride cantilever chips. Since the microscope detection system only relies on the scattering from the cantilever tip, the metal coating to increase light reflectivity as for standard AFM optical lever detection was not required. As a result, the manufacturing process was simplified and the potential bending of the sensors due to the bimetallic strip effect was avoided.
Each chip contained one cantilever as shown in figure 2 . The tip end is slightly curved due to the optical resolution of the photolithographic process [19] and, for this reason, the effective tip area is reduced. The cantilevers and the supporting chip were fabricated from a single-crystal (100) silicon wafer coated on both sides in a low-stress 100 nm thick silicon nitride layer (Si Mat, Landsberg, Germany). First, the backside nitride layer was photolithographically patterned to define the chip structures and supporting frame, followed by a reactive ion etch (RIE) with CHF 3 as the reactive gas. The backside pattern was transferred into the bulk silicon with an anisotropic etch in KOH solution (1 KOH:2 H 2 O), until approximately 40 μm of silicon remained. The cantilevers and frontside support structures were patterned similarly to the backside nitride layer with an additional nickel layer to assist in attaining sub-micrometre lateral resolution. The additional Ni layer was deposited by thermal evaporation to a depth of 50 nm, Figure 3 . Calibration of the detection system. A 10.0 ± 0.2 nm rms sinusoidal movement in the x direction is imposed on the sample piezo-table. As the kinesin molecule binds and starts processing, the table becomes coupled to the cantilever which, as a result, starts following the sinusoidal displacement. Before fitting this signal, we waited until the kinesin molecule moved to a mean position of 30 nm to ensure a good coupling between the piezo-table and the cantilever. The grey sinusoidal function, between the two vertical lines, fits the corresponding data and provides a calibration constant of 13.8 ± 0.8 nm V −1 . The data shown are already converted into linear displacement.
prior to spin-coating the photoresist. After photolithography the patterns were transferred into the Ni layer with a sulfuricacid-based etchant (TFG from Transene Co Inc, Danvers, MA, USA). The photoresist was then removed and the Ni film used as the mask for etching the frontside nitride by RIE. Subsequently, the Ni mask was removed and the cantilevers released with a further KOH etch. It is worth noticing that, by keeping the number of process steps to a minimum, a high yield of cantilevers is achieved at low production cost. For this study, a total of 20 cantilevers were used, all with similar spring constants (0.034 ± 0.05 N m −1 ). Longer cantilevers with the same spring constant (see [19] ) were also tested and gave very comparable results.
LMFM detection system calibration
To calibrate the signal recorded by the detection system a 10.0 ± 0.2 nm rms sinusoidal displacement was applied to the sample piezo-stage while the cantilever tip was tethered to an MT via a kinesin molecule. The displacement was in the direction of the aligned MT (x axis). Due to the high compliance of the unstretched molecular linker, we let the kinesin molecule process a few steps before measuring the sinusoidal movement imposed on the cantilever (figure 3). The sinusoidal signal was then fitted and the calibration constant, used to convert the recorded signal in actual position measurements, had a typical value of 13.8 ± 0.8 nm V −1 . Figure 4 shows a characteristic trace of the cantilever deflection signal recording a single kinesin processing along an MT. The cantilever was initially fluctuating freely. After 0.12 s, a sudden reduction in the thermal fluctuations indicated that a kinesin molecule was bound to the MT. The molecule then moved processively along the MT, causing the cantilever to (mean ± SEM 5 ) with maximum velocities of around 820 ± 80 nm s −1 . When the ATP concentration was reduced to 10 μM, similar time courses were recorded, but with a reduced unloaded velocity of 170 ± 30 nm s −1 (mean ± SEM). As can be seen in figure 4 , the velocity of kinesin was dependent on load. As the load on the kinesin molecule increased, the dwell times between consecutive steps became longer, resulting in a decreased kinesin velocity. A very similar value for the unloaded kinesin velocity of 480 ± 20 nm s −1 (mean ± SEM) (n = 33) was obtained with an optical tweezer set-up using kinesin molecules and microtubules from the same preparation. The optical tweezers set-up operated with back focal plane detection [27] , using 500 nm polystyrene beads and a trap stiffness of 0.01 pN nm −1 . In the example presented in figure 4 , a final cantilever deflection of 110 ± 5 nm, corresponding to a stall force of 4.0 ± 0.2 pN, was reached. This value was reproduced, within the error, using different cantilevers. Since the observed stall forces are lower than the reported maximal values of 5-7 pN for single kinesin molecules [4, 13, [28] [29] [30] , it supports our view that single kinesin molecules were observed interacting with the MT.
Results and discussion
The step positions were measured in the following way: first the time interval for each step was determined, then the histogram of positions for each time interval was calculated, and finally the histogram was fitted with a Gaussian function, that provided the mean position and the associated error (standard deviation). If the step positions are plotted versus the step number one can determine if the step positions are consistent with the expected motion of consecutive 8 nm steps. As can be seen in figure 5 the step positions are well aligned and the slope gives a value for the step size of 8.0 ± 0.4 nm. This value is in excellent agreement with previously reported values [4, 30] and consistent with the distance between two adjacent tubulin dimers on the MT. The inset in figure 4 gives an indication of the time resolution of the measurements by highlighting the detection of an 8 nm forward step lasting 3.6 ms. The inset also shows a clear example of an 8 nm backward step.
From the time course shown in figure 4 , it is also possible to calculate the stiffness (along the x axis) of the molecular linker between the cantilever and the immobilized MT, i.e. the kinesin molecule. The spring constant of the freely fluctuating cantilever can be calculated by fitting, using equation (3), the PSD of the position signal for t < 0.12 s (figure 6, trace a). The resulting value of k = 0.037 ± 0.003 pN nm −1 agrees very well with the predicted value for these cantilevers of 0.03 pN nm −1 . By applying a similar analysis to the plateau between 0.41 and 0.46 s in figure 4 , the stiffness of the cantilever-kinesin-MT system can be derived (figure 6, trace c). In this case we found a spring constant in the direction of the MT of 0.90 ± 0.05 pN nm −1 . The stiffness of the kinesin linker k kin can be found by subtracting the stiffness of the cantilever. Several steps were analysed in this way and we found that the stiffness of kinesin in the direction parallel to the microtubule varies between 0.35 ± 0.05 and 0.95±0.05 pN nm −1 but it does not seem to be correlated to the load (i.e. high load did not necessarily result in high stiffness). These measurements agree with previously reported values for single kinesin molecules [30] and are below the upper limit for the kinesin head stiffness of 1.7 pN nm −1 according to a diffusion mechanism [29] . Figure 7 (a) shows an example of processive 8 nm stepping followed by the sudden return of the cantilever to its equilibrium position. A close look at the return path revealed short pauses with 8 nm spacing (figure 7(b) and a different example in (c)) that can be related to the distance between adjacent binding sites on tubulin dimers. The position of these pauses coincides with the forward steps, reinforcing the possibility that they are connected to the binding site positions. Although this behaviour is not observed in all measurements, it clearly indicates that the kinesin molecule is still interacting with the MT lattice during the return movement of the cantilever. This observation can be related to recent results where increased friction force on an optically trapped bead was attributed to the interaction between kinesin-8 and the MT [31] . As the pauses shown in figure 7 occurred at substall force, we do not consider them comparable to backwards steps [29] but they could relate to diffusive behaviour, as already suggested for different kinesin family members [32] . As these pauses were not detected in the optical tweezer traces, it might be critical for the observation of these pauses that the cantilever retraces exactly the forward motion as it returns to its equilibrium position. In particular the vertical distance from the MT might be crucial.
To establish the y position of the MT track relative to the kinesin motor adsorbed on the cantilever, we imparted a sinusoidal oscillation of 10 nm rms and 0.1 Hz to the piezotable in the y direction. We then lowered the cantilever towards the MT in sub-nanometre steps until single-molecule events were clearly visible. At this point we stopped the approach routine but we kept recording the binding events as a function of the lateral modulation. We observed that the binding events between the single kinesin molecule and the microtubule were limited to the same y position of the piezo-table with an error of ±2 nm. If we assume that the molecules that bind the microtubule are attached to the edge of the cantilever that faces the MT, the molecules must experience only very small lateral fluctuations when not bound to the MT. The very low rate of binding events seems to indicate that only specific orientations of the adsorbed kinesin molecules can lead to binding to the MT.
The final consideration is related to the fact that the cantilevers used in this study have a torsional stiffness k φ of the order of 10 −12 N m rad −1 [19] . This means that, as kinesin processes, it is able to pull the cantilever along the MT but it is not able to impart any axial rotation to it. The single-molecule processive runs reported here clearly demonstrate that kinesin does not need any rotation of its cargo to process, up to a stall force of 4 pN. This observation does not rule out the possibility that the stalk could twist. The rotational compliance in the stalk has been reported to be 0.12 ± 0.02 × 10 −21 N m rad −1 [33] and might allow for this type of deformation, even when the cargo binding domain does not rotate. The possibility for consecutive 180
• rotations of processive kinesin is excluded by these measurements as this would require twisting and longitudinal stretching of the stalk to accommodate the fact that the cantilever is at a fixed vertical distance from the MT. These findings confirm previous measurements using MT gliding assays [34] , with the difference that here the MT is fixed and the cargo position has only one degree of freedom. This is, in fact, the fundamental aspect of this research: introducing geometrical constraints in the cantilever-kinesin-MT system and observing whether the overall behaviour of the motor changes. The relative position of the sensor (i.e. a bead) and the MT has previously been shown to affect the kinesin processive behaviour [35, 36] . Here we show that, when native kinesin operates in a situation where the vertical, lateral and rotational fluctuations of the cargo position are neutralized and the MT is immobilized, the motor still performs similarly to a situation where these constraints on thermal fluctuations are not present. One could conclude that kinesin does not need to explore these reaction coordinates as it moves through consecutive stepping cycles.
Conclusions
We have developed a new method for the mechanical characterization of single kinesin molecules as they process on microtubules. The method originality is based on the sub-nanometre resolution of the position detection system, the extremely small spring constant of the micro-fabricated cantilevers, their vertical orientation and their shape.
These innovative aspects drastically simplify the investigation of molecular motors, introducing much more control on the experimental conditions. If we consider that any similar measuring technique requires the coupling between a microscopic sensor and the nanoscale machine, we understand that the interpretation of the results will require decoupling the contribution of each part. Limiting the relevant experimental degrees of freedom, clearly facilitates the decoupling process and the testing of theoretical models. The results presented here simplify the search for a theoretical description of the cantilever-kinesin-MT system by showing that one degree of freedom at the cargo position is sufficient to account for the system dynamics. This is an important step in the study of these non-equilibrium molecular systems using recent energy fluctuation theorems, where the interaction of the system with the environment and the measuring device plays a crucial role [37, 38] . By bridging the gap in force sensitivity between AFM and optical tweezers, we have unlocked the use of microcantilevers to study biomolecular motors, enabling a new range of experiments with direct implications to biology as well as to the thermodynamics of mesoscopic systems.
